The length of double-stranded coliphage X DNA, as determined by electron microscopy using the benzyldimethylalkyl ammonium chloride technique, depends on the mode of dehydration. The freeze-dried DNA form is the longest (16.5 mr), whereas dehydration in methanol (15.9 Am) or in ethanol (three forms: 15.2 gsm, 13.9 im, and 12.4 gm) results in progressively shorter molecules. These measured lengths of the freeze-dried, methanol-dehydrated, and shortest ethanol-dehydrated forms correspond to the axial rise per nucleotide pair in the B, C, and A forms of DNA, respectively. The remaining forms of ethanol-dehydrated DNA seem to represent novel intermediary conformations of DNA. In agreement with the redicted increment, DNA exposed to ethidium bromide and ried is elongated by 39% (2.9 Am) All size classes show the same relative distribution pattern of bound Escherichia coli RNA polymerase molecules (nucleoside triphosphate:RNA nucleotidytransferase, EC 2.7.7.6), used as intramolecular markers, indicating that the dehydration-caused transitions are uniform.
and Lang et al. (17) examined the effect of ethanol on the tertiary structure of individual DNA molecules and observed three distinct types of DNA superstructures, whereas Vollenweider et al. (18) investigated a salt-induced superstructure. In the present studies, we used the benzyldimethylalkyl-Cl2 and -C14 ammonium chloride (BAC) technique (19) to determine the effect of dehydration on the length of phage X DNA at very low salt concentration with either freeze drying or alcohol (methanol or ethanol) dehydration. DNA did not form any superstructures under the conditions used (18) .
The conformation of double helical DNA (1) has been studied by various methods, including x-rays, circular dichroism (CD), and electron microscopy. X-ray diffraction by oriented DNA fibers reveals three double-helical forms, depending on the relative humidity, the ionic strength, and the nature of the cation. The B form appears at relative humidity 92% for the sodium salts (2) ; the crystallinity of the fibers is best with lithium salts at 66% relative humidity (3) . The A form (4) exists in the presence of sodium, potassium, or rubidium salt when the relative humidity is lower than 75% or after dehydration in 80% ethanol (5) . With lithium salts, the A form of DNA could not be obtained but, when the relative humidity is reduced to about 66%, the C form appears (6) . Table 1 shows various parameters of the A, B, and C forms of DNA.
By using wide-angle x-ray scattering, the structure of DNA in aqueous solution was found to be close to the classical B form (7, 8) . CD also permits determining various forms of DNA in solution but requires a calibration to assign the CD spectra to the A, B, and C forms. Therefore, Tunis-Schneider and Maestre (13) obtained the CD spectra of the DNA in films under conditions of humidity and ionic strength comparable to those used in x-ray studies. These assignments of standard spectra allowed study of the transition from one form to another in different solvents-e.g., the CD spectra of a number of DNAs were studied as a function of alcohol concentration in aqueous solutions at 0.1-1.0 mM salt concentrations. With increasing concentrations of methanol, the CD changes reflect a B-to-C transition, whereas in 80% ethanol the CD spectrum resembles what one might expect for form A DNA (9, 12) (Table 1) . However, it remains unclear whether aggregates of DNA molecules or mixtures of different DNA forms could mimic or mask the true spectrum and thus introduce artifacts (8, 9) . ' The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement " in accordance with 18 (7, 8) 80% ethanol (5) CD spectra Water (low salt) (9) 90% methanol (9) 80% ethanol (9, 12) 0.03 M triethanolamine-HCl (pH 7.9) IEtOH)3N], 0.05 M KCI, and 0.01 M MgCl2. The complex was then fixed (10 min, 370) by addition of one-fifth volume of fixation buffer (0.5% glutaraldehyde in the above solution at pH 7.9), as described by Portmann et For experiments using ethidium bromide, DNA was simply diluted to 0.8 Mg/ml in the elution buffer and heated for 15 min at 370 to dissociate the cohesive ends. After addition of ethidium bromide to 15 ,g/ml, the DNA was adsorbed to carbon filmcoated grids, as above.
For the dehydration of DNA two methods were used: (i) the grids were submerged for about 10 sec in 90% methanol or 90% ethanol; (ii) the grids were deposited on a copper block immersed in liquid nitrogen, and the block was rapidly transferred into a vacuum chamber to sublimate the ice at 1 X 10-6 torr (1.3 X 10-4 Pa).
The grids were rotary shadowed with uranium oxide (24) Fig. 2) , which rules out a correlation error. The mean contour lengths of these three classes were 12.42, 13.93, and 15.24 ,tm ( Fig. 1 and Table 2 ). When ethanol was replaced by methanol, only one class, of a uniform mean contour length of 15.94 ,um, was observed ( Fig. 1 and Table 2 ).
Freeze-Dried DNA. DNA molecules dehydrated by freeze drying displayed a uniform mean contour length of 16.48 Mm, which was the longest class ( Fig. 1 and (19, 27) . No significant differences in the distribution of bound RNA polymerase could be discerned for the various size classes of DNA, as shown in Fig. 3 , which clearly indicates that the entire DNA molecules are uniformly affected within the limits of resolution. DISCUSSION Freeze-dried DNA exhibited uniform contour lengths. Alcohol dehydration however, resulted in shorter size classes ( Fig. 1 and Table 2 ), although the general shape of the DNA molecules was not perceptibly affected. This shortening does not appear to be caused by local shrinkage, as evidenced by the distribution of the bound RNA polymerase (Fig. 3) . These results strongly suggest that, when absorbed to the grid, the wet DNA filaments are still mobile and therefore, upon dehydration by alcohols, may undergo structural transitions that cause a shortening along the helical axis.
Is there any relationship between the observed DNA size classes and the A, B, and C conformations (Table 1)? Brain (7) and Maniatis et al. (8) found that the wide-angle (Fig. 1 and Table 2 ).
Methanol dehydration should create a C form because, at high concentrations of methanol, CD spectra are compatible with the C form ( (Table  2) . Within the error of the mean, our freeze-dried form has the same axial rise per nucleotide pair, 3.4 A, as the B form determined by x-ray fiber diffraction. This distance is increased by exactly 40% to 4.8 A for the DNA molecules exposed to excess ethidium bromide and freeze dried. Analogously, the methanol form coincides with the C form, and the shortest ethanol form (form III) coincides with the A form (Tables 1 and 2 ). However, we also have to consider the significance of ethanol forms I and II. Because in the range 0%-65% ethanol CD reflects a B-to-C transition (9) and the C form is the least well-defined DNA form, we cannot exclude that ethanol form I might correspond to this DNA conformation. Ethanol form II does not seem to correspond to any known DNA conformation.
The presence of three discrete DNA forms induced by ethanol dehydration was further confirmed by experiments with T7 DNA (Fig. 2) . Again, we obtained three contour length classes with the ratio 1:0.90:0.81, which is practically the same as forX DNA (1:0.91:0.82).
All these results indicate that DNA can exist in several metastable forms and, when still flexible during the alcoholic dehydration process, it can "snap" from one form to another, depending on the dehydration condition. Only the freezedrying method of dehydration preserved DNA in its B form, typical for fully hydrated DNA. The simplest hypothesis is that progressive dehydration results in stepwise shrinkage of DNA from the B form into the progressively shorter forms C,I,II, and A. Although the length changes are definitely stepwise, and not gradual, the process is uniform for each whole molecule, because the RNA polymerase marker experiments demonstrate that new size classes are not created by localized shrinkage of the DNA molecules. All size classes examined showed the same RNA polymerase distribution pattern (Fig. 3) . This indicates that the DNA snaps uniformly from one into another form and implies some highly cooperative mechanism.
Note Added in Proof. Recently, the 4OX174 sequencing data (31) were used by other authors to determine the number of base pairs in X DNA 148,000(3), 48,300 (34) , and 49,400A (35) . However, the earlier 5375 nucleotide number (31) was used and some were two-step measurements (34, 35) made on the RFI form of circular DNA.
